1976. -Mechanical responses to stretch and length-tension relations were examined in rabbit taenia coli, mesenteric vein, aorta, and myometrium and in guinea pig taenia coli made atonic by incubation in Krebs-bicarbonate solution at 20-22OC. When stretched 10% of the length at which maximum active tension is observed (L,) in 0.5 s, the muscles showed a transient large force (resistance to stretch) that decayed to a new constant level within minutes (stress relaxation).
The resistance to stretch decreased markedly in Ca*+ -free [ disodium ethylene glycolbis-( P-aminoethylether)-N,Ntetraacetic acid (EGTA)] Krebs but was restored in normal Krebs solution. Calcium removal did not affect the passive length-tension curve. The absence of Ca*+ did not change the steady-state force maintained by the muscle; thus stretch resistance was not due to tone. Blockade of Ca*+ influx associated with electrical activity with 5-[(3,4-dimethoxyphenethyl)methylamino]-2-(3,4,5-trimethoxyphenyl-2-isopropylvaleronitrile (D-600) and of Caz+ release from intracellular sites with thymol (1 mM) completely blocked contraction but did not alter the responses to stretch, thus dissociating the responses to stretch from these processes and tension development.
The Ca"+ -dependent stress relaxation showed a dependence on muscle length similar to that for active tension development. Except at long muscle lengths, where connective tissue markedly affects length-tension relations, most of the "viscoelasticity" of these smooth muscles is dependent on calcium and may be largely due to the straining of crossbridges that are attached, but not generating a net force, in the resting state.
vertebrate; viscoelasticity; calcium; crossbridges IT IS WELL KNOWN that when resting smooth muscles are rapidly stretched they exhibit a sharp rise in tension (resistance to stretch) that then falls to a new constant level (stress relaxation) within a few minutes. This type of behavior, which is common among many materials including rubber, textiles, collagen, and connective tissues as well, has been attributed to the passive viscoelastic properties of smooth muscle (3, 7) that are generally considered to be part of its functional specialization in reservoir organs. Bozler (6) noted that the time course of "release of tension" after stretch in the retractor muscle of the snail follows the same time course as the relaxation from an isometric contraction and concluded that both processes are controlled by forces due to the contractile elements. Hill (22) argued that these similarities did not exist in skeletal muscles and that their temperature sensitivities were also different. However, Hill agreed that the small resistance to stretch and stress relaxation occurring in resting skeletal muscles preshortened to very short lengths were properties of the contractile elements. Zatzman and co-workers (41) found that the time course of stress relaxation in arterial segments could be traced to their smooth muscle composition, but was altered quantitatively by the presence of elastic and connective tissue. Abbott and Lowy (1) examined the time course of stress relaxation in resting smooth and striated muscles at short lengths at which resting tension was not a complicating factor. Unfortunately, no details were given of the velocity of stretch employed or of the precise initial muscle lengths in relation to the length at which maximum active tension developed (L,). These investigators analyzed only the early time course of stress relaxation (before the force had become constant), and on this basis they were able to resolve two distinct exponential components that were related to the intrinsic speed of the muscles: the faster the maximum speed at which the muscles shorten during tetanic stimulation, the faster the decay rates. This suggested that these types of mechanical activity may reflect different states of the contractile elements.
All these studies implied that resistance to stretch and stress relaxation in resting smooth muscles were related mainly to the contractile elements, but provided no information on the underlying mechanism. In the course of experiments in which the effects of various ions on the length-tension relationship were examined in various smooth muscles, we have noted that resistance to stretch and stress relaxation were very much affected by the calcium concentration of the bathing medium. The present study was undertaken to characterize the responses to stretch and determine their relationship, if any, to the contractile process. Preliminary reports of this work have been published (32, 33).
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cised from immature female rabbits (New Zealand strain, white), weighing 2.0-2.5 kg, which had been sacrificed by cervical fracture.
Strips of taenia coli isolated from guinea pigs of either sex, weighing 400-500 g and similarly sacrificed, were also used. The methods of isolation and preparation have been described in detail previously (16, 18, 26) . The muscle strips were 2-3 mm wide and 5-7 mm long, the latter taken as the distance between the clamps at LO, the length at which maximum tetanic tension is developed (30). In some experiments, fiber bundles of rat tail tendon collagen and strips of reaggregated rat tail tendon collagen were employed. Collagen fiber bundles were obtained from 400-to 500-g male albino rats (Sprague-Dawley) according to the method of Haut and Little (21). Reaggregated collagen was prepared according to the method of Dyer (15). The perineurium of the vagus and sciatic nerves of the cat was also examined. Segments of the nerves were isolated and the sheaths carefully stri tinuous sleeve with jewe ler's forceps.
.PPed off as a con- Kao and Gluck (27) .
Muscles were stimulated supramaximally in a transverse field with platinum-platinum chloride electrodes and 8 to 10-V rms, 60-Hz AC pulses (18). Alternately, some preparations were stimulated with KC1 added to the bathing medium to a final concentration of 100 mM. The magnitude of the mechanical response was similar to that evoked by tetanic electrical stimu lation (18). Experimental procedures.
The method for determining the length-tension relationshi .ps was similar to that reported earlier (18), and only the essential features are described here. After the equilibration period, the muscle length was initially reduced until tension fell to zero. The muscle was then stimulated electrically or with 100 mM KC1 to take up any slack. If passive tension was recorded after relaxation, the muscle length was further reduced and the procedure repeated, as needed, until tension was zero. After a recovery period of 15 min the muscle was stretched 0.5 mm (approximately 10% L,) at a velocity of 1 mm/s (-20% LO/s) ( Fig. lA ; the rationale for these parameters is discussed below). The maximum tension occurring upon stretch was taken as the peak resistance to stretch. Fifteen minutes were allowed for stabilization of tension, after which the muscle length was quickly (1 mm/s) reduced by 0.25 mm (Fig. '1B) . The minimum tension on release was taken as the passive tension at the new length (18, 22). The muscle was then tetanically stimulated to determine the total tension ( Fig. 1C ) and after relaxation its length was again increased by 0.5 mm and the procedure repeated (Fig.  lA) . Thus, by alternately stretching 0.5 mm and releasing 0.25 mm and stimulating the muscle, the passive and total tension for a series obtained. The active tension ofm was uscle lengths could be calculated as the difference between total a .nd passive tension at I each muscle length. The length at which maximum active tension was observed was denoted L, where the entire length-tension re 1
,30). In experiments ationships were determined successively, the procedure described above was repeated, starting from the length at which zero passive tension was initially established.
In cases where tissues were bathed in calcium-free media during the second series of determinations, the effective reduction of tissue calcium was verified by the absence of developed tension in response to high KC1 at lengths approximately 0.6 or 1.0 L,.
In preliminary trials it was noted that for a given initial muscle length, the peak tension obtained on stretch of 0.5 mm increased as the velocity of stretch increased in the range 0.01-l. 0 mm/s. At velocities of l-3 mm/s, maximum responses to stretch were obtained. Therefore, muscles were routinely stretched at a velocity of 1 mm/s, (-20% LO/s), which was considerably All res ults are presented as mea ns * SE with n = number of observations.
Sign ificance of differences was determined with the Student t test.
RESULTS
The responses to perturbations in length of the various smooth muscles studied (rabbit taenia coli, n = 56; portal vein, n = 8; aorta, n = 4; myometrium n = 6; guinea pig taenia coli, n = 8) were qualitatively similar, so only the results of experiments on rabbit taenia coli are presented in detail.
R 'esponses to stretch at various lengths in presence and absence of cakium.
When a step increase in length was imposed on the rabbit taenia coli bathed in a medium containing calcium, tension rose sharply coincident with the stretch, and, while length was held constant ', tension decayed nearly exponentially.
The magnitude of the initial rise in tension (peak resistance to stretch) due to stretch at each new muscle length during the course of a typical experiment in which the lengthtension relationship was determined is shown in Fig. 2 . The curve describing the relationship of peak resistance to stretch and muscle length roughly followed, and was smaller in magnitude than, the total tension curve. The other essential features of the length-tension relationship were consistent with those reported lier (18) and need not be repeated here.
in detail earWhen the muscle was subsequently bathed in a calcium-free Krebs solution for 30 min and the experiment repeated, no tension was developed in response to electrical or chemical stimulation with high potassium (c-0.01% PO>. Contractures normally induced by 4 or 8 mM caffeine were also blocked by treatment with calcium-free media. These muscles showed a marked reduction in their resistance to stretch, and the curve describing peak resi .stance to stretch was no #w simil .ar to the passive tension ( Fig. 2 Ii n calcium-free media. The small shift in passive tension shown in Fig. 2 has been shown in separate experiments to be calcium independent. If, at a given muscle length, normal Krebs solution is replaced by one that is calcium free (2 mM EGTA), there is no break in the passive tension curve. When two successive determinations of the length-tension relationship are made for a muscle bathed in normal Krebs solution, the second passive tension curve is shifted slightly to the right, with a mean diminution of 0.135 t 0.016 g force (n = 39) at lengths in the range 0.4-1.1 L,. When the second determination is made in calcium-free Krebs solution, a similar shift in the passive tension curve occurs (-0.130 t 0.016 g, n = 39). The observed shift is generally most pronounced on the second determination and minimal on subsequent trials even in calcium-containing media, a finding that is consistent with early reports for muscles (5,7) as well as connective tissue (7, 19, 21). However, th .e ma gnitude of A is active tension calculated as difference between total and passive tension and •B is peak resistance to stretch in same solution. 0 is passive tension and n is peak resistance to stretch in 0 mM Ca*+-Krebs (2 m&I EGTA) solution for 0.5 h. L,, was 5.30 mm andP,, was 3.3 x 105dynes/cm'. the shift in our experience could be minimized if, prior to each series of length-tension determinations, adequate time (15 min) was allowed for recovery from shortening and the muscle was stimulated to ensure complete shortening to the desired starting length (METHODS).
Under these conditions, the active tension responses on successive trials in the presence of calcium were reproducible at all muscle lengths. The similarity of the passive tension curves in the presence and absence of calcium indicates that the muscles are truly in a resting state. This conclusion is also supported by the finding that relaxing agents, such as norepinephrine, failed to decrease the passive tension of the preparation (see also 18).
The responses to stretch at the same initial muscle length in the presence and absence of calcium in the bathing medium, taken from another experiment, are shown in Fig. 3 . When tissues were bathed in Krebs solution containing the normal amount of calcium (1.9 mM), there was considerable resistance to stretch followed by a decay of tension, or stress relaxation (Fig.  3A) . After incubation in calcium-free Krebs for 30 min, the resistance to stretch and stress relaxation are dramatically reduced (Fig. 3B) . When the bathing medium is exchanged for one containing calcium, recovery of the responses is apparent within 3 min. Within 1 h the responses to stretch had stabilized, and the resistance to stretch of this muscle at L, was 69% and the stress relaxation was 60% of the original values (Fig. 3C) . Attempts to obtain full recovery of stretch responses by simple incubation in the presence of 1.9 or even 4.0 mM Ca2+ for prolonged periods of time (up to 24 h), by electrical stimulation given intermittently or during depolarization with high-potassium solutions, were unsuccessful. This response was not dependent on the previous use of EGTA during incubation in calcium-free Krebs solution because the same results were obtained when EGTA was not used at all. It is possible that removal of calcium may irreversibly alter some site to which it is normally bound and is essential, in part, to the response to stretch. In any case, the maximum tetanic tension within 1 h of recovery had returned to 100 t 8% (n = 6).
Calcium-dependent stress relaxation. A-useful index of the responses to stretch is the magnitude of stress relaxation under the various experimental conditions. Stress relaxation is measured as the difference between the peak resistance to stretch and the subsequent steady-state tension achieved after the stretch (Fig.  3A) . The steady-state tension is not further diminished by the removal of calcium at any time and is a function of the muscle length.
The dependence of stress relaxation on muscle length and on the presence and absence of calcium in the medium is shown in Fig. 4A . The data are from the same experiment shown in Fig. 3 . In calcium-free Krebs solution, the stress relaxation was minimal at short muscle lengths, but increased sharply at longer muscle lengths, where the passive tension also increased dramatically. Also shown is the appreciable recovery of stress relaxation when the muscle was allowed to reequilibrate in 4 mM Ca'+-Krebs solution for 1 h.
The calcium-dependent stress relaxation, measured as the difference between the stress relaxation in 1.9 or 4.0 mM Ca'+-Krebs solution and that in calcium-free medium, is shown in Fig. 4B . The results show that a large part of the stress relaxation is calcium dependent and that there is an optimum length for this calciumdependent stress relaxation. This optimum length is the same as that for active tension development, and this suggests that the extent of actin-myosin overlap may govern all these mechanical responses.
The responses to stretch of a number of different nrenarations were determined in the nresence and ab-SIEGMAN, BUTLER, MOOERS, AND DAVIES sence of calcium in the medium at muscle lengths in the range 0.4-1.1 L,. Compared with the responses in 1.9 mM Ca2+-Krebs solution, the resistance to stretch was 35 t 2% (n = 66) and stress relaxation was 19 t 2% (n = 66) for the rabbit taenia coli bathed in calcium-free medium. For the guinea pig taenia coli, the respective responses were 18 t 2% (n = 17) and 18 t 4% (n = 17); for the rabbit portal vein, they were 36 t 5% (n = 9) and 12 t 3% (n = 9) in the absence of calcium. Although tests on rabbit aorta and myometrium were not carried out over this wide range of muscle lengths, the responses were of the same order of magnitude. All the preparations showed a dependence on length and calcium with respect to the responses to stretch thqt was qualitatively similar to the rabbit taenia coli. Thus, a major portion of the responses to stretch appears to be dependent on calcium and length, and this appears to be a rather widespread phenomenon among smooth muscles.
Is calcium-dependent stress relaxation due to stretch activation? The regulatory effects of intracellular calcium on the interaction of the contractile proteins are well known (39). The calcium-dependent responses to stretch may be due to a calcium effect on the contractile elements. Stretch may -activate the muscle indirectly through local nervous reflexes (35) or directly by depolarizing the muscle membrane and, perhaps, eliciting an action potential (8, 10). In either case, an influx of calcium or a release of calcium from intracellular sites during depolarization might result, which could cause actin-myosin interaction. The following experiments were designed to help resolve the problem.
Because of the presence of neural elements in the tissues studied, the responses to stretch were examined in calcium-containing Krebs solution in the presence of atropine and tetrodotoxin. Treatment with these agents had no effect on potassium-induced contractures (which -- were 100 t 7% of control after treatment, n = 8), and the calcium-dependent resistance to stretch and stress relaxation persisted in their entirety.
There are uncertainties regarding the relative importance of sodium and calcium during the action potential and the role and adequacy of inward calcium current as a trigger for contraction in smooth muscles (4, 9, 23, 28). After exposure to sodium-free Krebs solutions for 1-2 h, the mechanical responses to electrical stimulation were blocked, but the responses to high KC1 and to stretch were unaffected. However, the possibility that calcium influx was completely prevented during the stretch, even in Nap+-free media, could not be ruled out. Therefore, the experiments were repeated with Nat-free and normal Krebs solutions to which D-600 was added (lo-'-lo-" M). In the presence of D-600, both electrical and chemical stimulation with high KC1 failed to evoke mechanical responses, but the calcium-dependent stress relaxation was unaffected. It therefore is very unlikely that the calcium-dependent responses to stretch are due to mechanical activation through depolarization and transmembrane calcium fluxes. Last, the possibility that stretch caused depolarization and the release of calcium from intracellular sites remained to be tested. It has been suggested that in smooth muscles the transmembrane flux and release of calcium from intracellular sites are blocked by thymol (25). Accordingly, tissues were bathed in Krebs solutions containing thymol (1 mM) for 30 min. After this treatment, mechanical responses to 100 mM KC1 and to acetylcholine (lOPZ M) during depolarization with KC1 were blocked. In addition, contractures normally readily induced by 4 or 8 mM caffeine were also blocked by thymol. However, the calcium-dependent resistance to stretch and the stress relaxation were unaffected, and the calcium content of the tissues was also unaffected (control 3.61 t 0.36 vs. 3.52 t 0.29 mM Ca'+ ig wet wt for thymol-treated tissues, n = 6). These results thus support the view that thymol suppresses calcium influx during excitation and its release from intracellular sequestered sites (25) and suggest further that these processes have no direct bearing on the responses to stretch.
The ability to separate by pharmacological means the calcium-dependent responses to stretch and tension development suggests that these two types of mechanical activity may be the consequences of greatly different concentrations of sarcoplasmic free calcium. If indeed the resistance to stretch relies on the levels of free intracellular calcium at rest, it might be possible to distinguish these processes on the basis of their calcium dependence. Strips of rabbit taenia coli were first treated with calcium-free Krebs solution and then with a series of media containing successively higher concentrations of calcium (0.05-4.0 mM), allowing at least a 20-min equilibration in each before proceeding with stretches.
The responses to stretch were examined in each medium, as were the responses to 100 mM KC1 or electrical stimulation (Fig. 5) . At a given muscle length, considerable resistance to stretch and stress relaxation were noted when the calcium concentration was 0.05 mM (39 t 6% of maximum compared with 15 2 6% in calcium-free Krebs solution, P -0.02); the threshold for 
Dependence
of stress relaxation and tetanus (or KC1 contracture) tension of rabbit taenia cob on calcium content of bathing medium.
Muscles (n = 6) were bathed in 0 mM Ca"'-Krebs (2 mM EGTA) for 1 h and then successively in media of increasing calcium concentrations.
Stress relaxation in presence (striped bars) or absence (stippled bars) of 1 mM caffeine are normalized to maximum response in 0.6 mM Ca2+-Krebs. KC1 contractures was about 0.1 mM CaZ+. Whereas the (extracellular) calcium-dependent responses to stretch reached a maximum when the calcium concentration of the medium was 0.4 mM, contracture tension and tetanus tension (electrical stimulation) continued to increase until the external calcium concentration was 1.9 mM. Assuming that sarcoplasmic levels of calcium are altered in the same direction as changes in external calcium when the tissues are allowed to equilibrate in the various Krebs media, then it is likely, on the basis of these results, that the (intracellular) calcium-dependent responses to stretch have a lower threshold for and require less calcium than does tension development.
Attempts were also made to potentiate the calciumdependent responses to stretch by increasing sarcoplasmic free calcium by treatment with 1 mM caffeine. At this concentration, caffeine potentiates twitch tension without inducing contractures (34). In the range of external calcium concentrations at which the responses to stretch first appeared and finally reached a maximum level (0.05-0.40 mM), no potentiation of the calciumdependent responses to stretch was observed (Fig. 5) . It is interesting that in the taenia coli a twitch cannot be evoked in response to a single shock, nor can the presence of caffeine induce a response, unless the calcium concentration of the bathing medium exceeds 0.5 mM. Under the same conditions, multiple shocks are effective (34).
These results are consistent with the previous conclusion concerning the lower requirement for calcium for the stretch responses and further suggest that the calcium affinity of those sites involved in the responses to stretch exceeds that for caffeine-sensitive calcium-binding sites from which larger quantities of calcium may be derived for tension development.
Responses of connective tissue to stretch. Bundles of (2, 24, 40) , show responses to stretch that are similar to those of muscles in terms of their dependence on length and calcium.
The mechanical responses of bundles of collagen (200-240 and 400-450 PM diameter,.unstretched) and strips of reaggregated collagen from rat tail tendon were measured in relation to stretch.
These preparations were chosen as models of the possible extreme forms of organization collagen might assume in a complex tissue. Although the resistance to stretch of intact collagen fibers is far greater than that of the reaggregated form, both showed resistance to stretch and stress relaxation that were completely independent (P -0.7) of the calcium concentration of the bathing medium [for intact collagen in the presence of calcium, log P, = 7.61 L -36.50 and in the absence of calcium log P, = 6.15 L -32152, n = 6; for reaggregated collagen in the presence of calcium log P, = 0.40 L -3.16 and in the absence of calcium log P, = 0.42 L -3.88, n = 4 (where Ps is the peak ,resistance to stretch in g wt and L is length)]. The viscoelastic responses of the perineurium of cat sciatic (Fig. 6 ) and vagus nerves were also examined. In addition to collagen fibrils, such sheaths contain numerous fibroblasts.
Responses to stretch of paired segments of tissue obtained from t he same nerve sheath were compared after incubation in calcium-containing and calcium-free Krebs solutions. Traces from a typical experiment a re shown in Fig. 6 . Both segments were initially bathed in 1.9 mM Ca*+-Krebs solution and alternately stretched (0.5 mm at 1 mm/s) and released (0.25 mm at 1 mm/s), as in the muscle preparations. Segment B was subsequently transferred to dmM Ca*+ (2 mM EGTA)-Krebs for 1 h. As in the control segment (A), the next stretch prod .uced a further increase in the resistance to stretch and stress relaxation. This is in contrast .to muscle preparations, in which removal of calcium markedly reduced the responses to stretch. Calcium-dependent stress relaxation. It might be argued that the calcium-dependent responses are due to the activation of contraction through membrane phenomena as a result of stretch. It should be noted that no overt signs of active tension development, which commonly occur when visceral smooth muscles are stretched (lo), were observed, either during or immediately after stretch. It is very likely that cooling the. muscles to 20-22"C, in addition to eliminating spontaneous electrical and mechanical activity (18)) prevented such membrane-related activation of contraction by stretch. Nevertheless, the calcium-dependent resistance to stretch and stress relaxation in apparently resting, atonic muscles may reflect mechanical activation, albeit at a low level, resulting from calcium influx during stretch.
The persistence of calcium-dependent responses to i stretch when activation of contraction through depolarization and excitation is blocked by D-600 and/or sodiumfree solutions points to an intracellular source of calcium. Direct evidence that D-600 blocks transmembrane calcium fluxes in smooth muscles without affecting calcium levels (29) and inward calcium current during the action potential (23) is convincing. The conclusion that thymol (1 mM) suppresses calcium influx during the action potential and the release of calcium from intracellular sites is based on the observations that thymol blocked contractures in muscles depolarized with high concentrations of potassium and also prevented any additional mechanical response in depolarized tissues on addition of acetylcholine (25). We have confirmed these observations and al&o found that caffeine contractures are blocked by thymol, but calcium-dependent resistance to stretch an-d stress relaxation remained unchanged. These effects of thymol are exerted without any change in tissue calcium concentration. The results thus suggest that the calcium-dependent resistance to stretch and stress relaxation, unlike the normal tension-developing mechanism, are not caused by influx of calcium during excitation or by release of calcium from intracellular sites. Rather, the calcium-dependent responses to stretch in resting muscles may rely on the low concentrations of free calcium in the sarcoplasm (when the muscles are bathed in normal calcium-containing media).
Length dependence. Except at extremely long muscle lengths, most of the viscoelasticity of resting smooth muscles appears to be calcium dependent. At these long Imuscle lengths, where there was considerable stress relaxation in calcium-free media, the stress-strain characteristics of the muscle were similar to those of collagen [E = 0.51 logs -2.6 for rat tail tendon collagen (38) andE = 1.1 logs -1.8 for rabbit taenia coli (16), where E = % strain and S = stress x lo6 dynes l cm*). It is possible that the tension observed at long muscle lengths originated in collagenous fibers surround .ing the smooth muscle cells (13). A similar conclusion has been drawn from analyses of the elastic behavior of the collagen remaining in vascular smooth muscles after digestion of their elastin and m .uscle ccl .ls with trypsin 31) . We have found that in muscles showing unusu (19 .a11 y high passive tension at short muscle lengths the peak resistance to stretch exceeds the total tension and active tension is low. In such preparations, calcium-free treatment only partia IlY reduces the peak resistance to stretch and stress rel .axation, and this residual viscoelasticity may be due to their high connective tissue content. Importantly, connective tissue models that we have ex amined show calcium-independent viscoelastic properties and show length and time dependences that are typical of elastic rather than contractile tissue (36).
These findings also support the conclusion that the calcium-depend .ent resistance to stretch and stress relaxation that we have observed a re properties of the intracellular contractile apparatus. --
The contour of the curve describing the relationship between calcium-dependent stress relaxation and muse cle length was very similar to that of the active tension and muscle length (Fig.. 4B) . This suggests that a sliding-filament model for the dependence of developed tension on muscle length may also underlie the calciumdependent responses to stretch. In the event that crossbridges are attached i .n the resting muscle, then a resistante to stretch that is dependent on cal .cium and on muscle length much as is active tension would not be unexpected. At the levels of free intracell ular calcium found at rest , these attached bridges would not generate a net force, si rice their detachment, shown by the loss of resistance to stretch in calcium-free media does not affect either the passive tension or the steady-state force maintained by the resting muscle.
In a separate study (11, 32, 33) we have found that muscles that have lost their resistance to stretch in calcium-free media, when subsequently depleted of their ATP, show a resistance to stretch similar to that in
